
ABSTRACT 

DUNN, ROBERT PARKS. Oyster Demographics and Cliona Boring Sponge on Potential 

Reef-building Substrates - Implications for Oyster Restoration. (Under the direction of Dr. 

David B. Eggleston). 

 

Several restored oyster reefs in Pamlico Sound, North Carolina have recently 

experienced population crashes, potentially caused in part by Clionid boring sponge 

infestation of the marl rock (a calcium carbonate-mud composite material) commonly used as 

a reef substrate and of the shells of oysters that colonize the marl reef foundation. The 

composition and porosity of marl may make it vulnerable to infestation by carbonate 

bioeroders, particularly Clionid sponges, and infestation on these reefs was high enough that 

the suitability of reefs for oysters was potentially compromised. To address this problem, we 

tested the susceptibility of four potential reef substrates, including two calcium carbonate-

based (oyster shell, marl) and two non-carbonate-based materials (granite, concrete) to 

invasion by Clionid sponges, as bioerosion by Clionids typically targets CaCO3, as well as 

the ability of those substrates to support growth of oyster reef communities. Here, we report 

on: i) the initial settlement, recruitment, and growth of oysters on these four materials in lab- 

and field-based experiments, ii) oyster settlement, recruitment, growth, and mortality in the 

presence and absence of Cliona to test for an effect of sponge on oyster early-life history 

parameters, and iii) the growth of Cliona on each of the materials in the field. 

In the laboratory, larval oyster settlement was highest onto calcium carbonate 

materials (oyster shell and marl), followed by concrete, and lowest onto granite. In the field, 

there were no differences in oyster recruit density between substrate types initially, although 

at some sites, reefs made of concrete and oyster shell began to see higher densities of oysters 

after one year in the field. Reefs at experimental sites in high salinity areas had much higher 



recruit and juvenile density than up-estuary locations. Early-life growth of oysters was 

assessed on hatchery-reared larvae and on natural recruits to experimental reefs. There were 

few differences between valve lengths or growth rates of oysters on different substrate types 

in either setting. There were no statistically significant differences in larval oyster settlement 

on shells with varying degrees of Cliona boring sponge infestation in the lab, although 

oysters did exhibit lower settlement densities on shells with live sponge compared to shells 

without live sponge. In the field, oyster recruitment, growth, and mortality did not vary 

significantly in the presence and absence of boring sponge over the course of a <1 year study. 

Oyster shells were the most susceptible substrate to growth of Cliona, followed by limestone 

marl, while concrete and granite were not at all susceptible, likely due to their chemical 

composition. Abundance of sponge was highly dependent on location in the estuary, as up-

estuary sites had little to no sponge growth compared with sites in higher salinity areas. 

These results support consideration of non-CaCO3-based materials, particularly concrete, for 

oyster reef restoration in high salinity areas where Cliona boring sponge is abundant, as most 

life history parameters did not vary tremendously between substrate materials deployed in the 

field. Oyster restoration using CaCO3-based substrates may be limited to mesohaline portions 

of estuaries if Clionid boring sponges are abundant. 
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CHAPTER 1 

SUBSTRATE EFFECTS ON DEMOGRAPHIC RATES OF EASTERN OYSTER 

(CRASSOSTREA VIRGINICA) 

ABSTRACT 

Several restored oyster reefs in Pamlico Sound, North Carolina have recently experienced 

population crashes, potentially caused in part by Clionid boring sponge infestation of the 

marl rock (a calcium carbonate-mud composite material) commonly used as a reef substrate 

and of the shells of oysters that colonize the marl reef foundation. The composition and 

porosity of marl may make it vulnerable to infestation by carbonate bioeroders, particularly 

Clionid sponges. To address this problem, we are testing the susceptibility of four potential 

reef substrates, including two calcium carbonate-based (oyster shell, marl) and two non-

carbonate-based materials (granite, concrete), to invasion by Clionid sponges and their ability 

to support growth of oyster reef communities. This paper reports on the initial settlement, 

recruitment, and growth of oysters on these four materials in lab- and field-based 

experiments. In the laboratory, larval oyster settlement was highest onto calcium carbonate 

materials (oyster shell and marl), followed by concrete, and lowest onto granite. In the field, 

there were no differences in oyster recruit density between substrate types, although sites in 

high salinity areas had much higher recruit and juvenile density than all other locations. 

Early-life growth of oysters was assessed on hatchery-reared larvae and on natural recruits to 

experimental reefs. There were few differences between valve lengths or growth rates of 

oysters on different substrate types in either setting. These results support consideration of 

other, non-CaCO3-based materials for oyster reef restoration, especially in high salinity areas 
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where Cliona boring sponge is abundant, as most demographic parameters did not vary 

tremendously between substrate materials deployed in the field. 
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INTRODUCTION 

Worldwide, native oysters have declined in nearly all of their ranges, with overall reef 

habitat loss estimated at 85% (Beck et al. 2011) due to destructive overfishing (Jackson et al. 

2001), eutrophication and sedimentation (Cooper and Brush 1993), and disease (Lenihan et 

al. 1999, Powell et al. 2008), among other factors. Consequently, landings of the Eastern 

oyster (Crassostrea virginica Gmelin; hereafter referred to as oyster) along much of the east 

coast of the United States are down to approximately 1% of their historical peak (Newell 

1988, Heral et al. 1990, Rothschild et al. 1994, Frankenberg 1995). To reverse these losses, 

substantial resources have been invested in oyster reef restoration projects over the past 

decade alone in the United States (Coen and Luckenbach 2000, Powers et al. 2009, Schulte et 

al. 2009, Beck et al. 2011), including in North Carolina. North Carolina’s estuaries 

historically supported a productive oyster fishery, but North Carolina’s oyster stocks have 

been declining for most of the 20
th

 Century (NC Division of Marine Fisheries 2008). Oysters 

are a valuable fishery resource, and the reefs they form also provide vital ecosystem services 

and ecosystem functions within estuaries, including the creation of vertically structured 

habitat critical to multiple other estuarine species, water filtration, nesting habitat, and 

shoreline stabilization, among many others (Coen et al. 2007, Grabowski and Peterson 2007). 

Oyster reefs provide much of the vertical structure found across the spatially dominant soft-

bottom environment of estuaries, thereby organizing estuarine ecosystems. 

Recent efforts by the North Carolina Division of Marine Fisheries (NC DMF) and 

their academic and non-profit conservation partners to restore oyster populations have 

resulted in the construction of ten subtidal, no-take oyster reserves spread geographically 
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throughout Pamlico Sound, each on the scale of hectares (1-5 hectares) in size. One goal of 

this restoration effort was to establish a network of protected broodstock reserves that would 

supply oyster larvae to no-take reefs within the network, as well as fished natural reefs and 

cultch planted sites throughout Pamlico Sound and adjoining water bodies. Reserves are 

located in meso- and poly-haline waters (13-29 psu) and consist of high-relief artificial 

mounds, ~2 m in height, constructed of limestone marl rocks, each typically 1-4 liters in 

volume. Early community trajectories on most oyster reserves were encouraging, with oyster 

densities, fecundity, and a suite of reproductive potential parameters increasing from 2006-

2008 (Puckett and Eggleston 2012, Mroch et al. 2012); however, reserves in the higher-

salinity region of Pamlico Sound  at Ocracoke and Hatteras Islands and even some reserves 

in the lower salinity waters of western Pamlico Sound have recently (2009 to present) 

experienced severe population declines (C. Hardy, NC DMF, unpublished data). There was 

no evidence of disease, point- or non-point source pollution, hypoxic conditions, or burial of 

reefs by shoaling at the oyster-depleted reserves from 2009-2010 that could explain such 

drastic population changes. Potential alternative sources of oyster mortality were Atlantic 

oyster drills (Ursosalpinx cinerea), which were seen in high abundance on reefs, and Clionid 

boring sponges, as the sponges are now pervasive inside the marl reef substrate and within 

oyster shells at the impacted sanctuaries (NC DMF and N. Lindquist, unpublished data). 

Boring sponges excavate calcium carbonate substrates, including mollusk shells, and inhabit 

the galleries created to escape predation. Negative impacts on oysters are possible if sponge 

infestations are severe (Kennedy and Breish 1981, Wilbur and Saleuddin 1983). Predation by 
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oyster drills was not tested as a cause for oyster population declines at reserves in the present 

study. 

Soniat et al. (1991) proposed that substrate materials for artificial oyster reefs should 

be economically feasible, biologically acceptable, and environmentally benign. Given the 

high abundance of boring sponge in the reef-building marl at oyster-deplete reserves and the 

potential for boring sponges to negatively affect oyster survival and integrity of reefs, marl 

may not be the best material for continued reef restoration efforts based on its biological 

acceptability. To test this assumption, we initiated a study investigating oyster and boring 

sponge interactions with four potential reef-building substrates including two hypothesized to 

be resistant to boring sponge bioerosion. Test materials included two substrates composed 

mainly of calcium carbonate (CaCO3) (oyster shells and marl), and two non-carbonate-based 

materials (crushed concrete and granite rock). 

Oyster shells have historically been the most popular cultch material for growing 

oysters, with state-sponsored planting of shell beginning in 1915 in North Carolina (Marshall 

et al 1999). Marl (a CaCO3-based material containing clay and aragonite) sized as class B 

“rip-rap” pieces, approximately the size of volleyballs (Geraldi et al. 2013), have been used 

more recently for the large scale, subtidal oyster reef construction described above. After the 

recent invasion of marl-based reefs by Clionid boring sponges at both eastern and western 

Pamlico Sound oyster reserves (NC DMF and N. Lindquist, unpublished data), non-

carbonate  substrates such as concrete-based Reef Balls are planned for future sanctuary 

construction, as the use of marl has been largely terminated (C. Hardy, NC DMF, personal 

communication). The use of non-carbonate substrates could open a larger portion of NC 
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coastal waters to oyster restoration by inhibiting the infestation of boring sponges and other 

bioeroders into the foundation material of the reefs, as boring sponges specifically target 

CaCO3 in the bioeroding process (Warburton 1958). However, these alternate substrates may 

experience lower settlement of larvae because of their non-carbonate chemical composition, 

as chemical make-up can be important in bacterial biofilm development that can ultimately 

affect larval oyster settlement (Crisp 1967), and non-CaCO3 substrates have not proven to be 

effective oyster cultch materials in previous studies (Soniat  et al. 1991, Soniat and Burton 

2005). Although oyster larvae will set on a variety of substrates, the presence of calcium, and 

not necessarily CaCO3, may induce settlement behavior more effectively than other 

chemicals (Soniat et al. 1991). This could be due to the chemical makeup of the substrate 

itself (Anderson and Underwood 1994) or the microbial biofilm that develops on a particular 

substrate, as biofilm community composition is substrate-specific (Faimali et al. 2004). 

Larval oyster behavior is also affected by substrate-derived chemical cues (Crisp 1967, 

Bonar et al. 1990), so oyster larvae and microbes could be responding to similar chemical 

signals. The cue that signals oyster larvae to begin settlement behavior is activation of a 

dopamine pathway triggered by the presence of ammonia in the local environment (Bonar et 

al. 1990). This ammonia can be produced by bacteria within biofilms (Bonar et al. 1990) as 

well as from metabolic by-products of oysters residing within dense reef assemblages (Kahlil 

et al. 1988), which can serve as a cue to begin settlement searching behavior when 

approaching oyster reef habitat (Bonar et al. 1990). Larvae must take into account multiple 

sensory signals when choosing a settlement location, one of which is substrate chemical 
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makeup, which was examined in this study by having oyster larvae choose from a variety of 

substrate types. 

The overarching hypothesis being tested by this project is that although CaCO3-based 

substrates may be more effective at attracting larval oyster settlers, in higher salinity areas 

where sponge bioerosion appears to be highest, long-term persistence of oyster communities 

will be hindered on CaCO3-based substrates compared to those substrates that are resistant to 

bioeroders. In contrast, oyster population densities on reefs at lower salinity sites where 

Clionid sponges are unable to survive will be most strongly influenced by larval settlement 

preference among substrate types. Boring sponge had not yet colonized any of the reefs 5 

months after substrate deployment, so we have so far been unable to test the hypothesis that 

sponge structures oyster communities on high salinity reefs. Instead, here we present results 

of experiments testing: i) larval oyster settlement preferences among the four substrates and 

ii) oyster density up to one year post-settlement and oyster growth up to 6-months post-

settlement on reefs of each substrate type deployed across a salinity gradient in two different 

estuaries. 

 

MATERIALS AND METHODS 

 

Substrate effects on larval oyster settlement in the laboratory 

Pilot laboratory settlement experiments conducted in July 2011 suggested potential 

differences in larval oyster settlement rates on the four substrate materials under 

consideration for use in oyster reef restoration projects. A follow-up experiment was 
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conducted during summer 2012 to test for differences in substrate-specific larval oyster 

settlement rates. 

 All settlement materials were gathered from locally available sources. Surplus oyster 

shell is widely available as oyster cultch material, and all shells used were weathered and 

scraped clean of all previous fouling by CaCO3-building organisms, and did not have any 

evidence of previous bioerosion by boring sponge (in the form of empty galleries in shells). 

Pieces of limestone marl were obtained from stockpiles leftover and unused in previous 

oyster cultch planting by researchers from UNC-Institute of Marine Sciences (IMS), crushed 

concrete was collected from CR Peele Construction Company in Jacksonville, NC, and 

granite rock was leftover from a granite countertop. All materials were selected as or shaped 

into individual pieces as uniform in size as possible with approximately equal surface area (7 

cm x 4 cm x 3 cm dimensions each for marl, granite, and concrete; oyster shells 7 cm x 4 cm 

x 1 cm). Four days prior to beginning the experiment, sixteen pieces of each material were 

distributed between two tanks filled with sand-filtered seawater pumped from Bogue Sound, 

NC into the lab at UNC-IMS to soak and allow a microbial biofilm to develop. This 3-4 day 

exposure is sufficient for biofilm growth that promotes oyster settlement (Fitt et al. 1990). 

Following the 4-day soak time, each piece of material was randomly placed into one of 16 

plastic tanks with even spacing between each piece, so that each tank contained one piece of 

each substrate type (n=16). Substrate pieces were oriented with their broadest side facing up; 

shells were placed with the inner-side of the valve up, as oyster larvae may prefer the convex 

inner side of shells as a settlement site (Crisp 1967), and placing shells with the convex 

inner-side down on the bottom of the tank may have prevented larvae from being able to gain 
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access to the inner-side. Tanks were 30 cm x 17 cm x 11 cm, and filled with 3.5 L of 

brackish water (12 practical salinity units (psu)) that was created by mixing sand-filtered 

seawater (30+ psu) with deionized laboratory water so the salinity in experimental tanks 

matched the salinity of the water in which larvae were reared at the hatchery. The water 

temperature was held at 25° C for the duration of the experiment. Salinity and temperature in 

tanks was measured at the beginning and end of the experiment using a YSI® 85 dissolved 

oxygen/conductivity meter (YSI Corp. Yellow Springs, Ohio). Isochrysis algal paste, a food 

commonly used in bivalve aquaculture, was added to each tank at a concentration of ~1x10
6
 

cells/mL, and a standard aquarium air bubbler was installed in one corner of each of the tanks 

and ran continuously throughout the experiment. Location of substrate types within tanks 

relative to the air bubbler was randomized and did not have a significant effect on larval 

oyster settlement (one-way ANOVA, df=3, 60; p=0.4609). The larval settlement experiment 

was conducted at UNC-IMS in Morehead City, NC. 

Approximately 5,000 pediveliger stage, “eyed” larvae (obtained from Horn Point 

Oyster Hatchery, Maryland, USA) were introduced into each of the tanks on June 19, 2012 

and left for ~4 days (93 hours) until June 23. Larvae were spawned 17 days prior to 

experimental introduction from wild broodstock collected in 2011 from the Nanticoke River, 

MD, USA. The four day experimental time period allowed larvae sufficient time to settle and 

metamorphose given their age and developmental stage. Prior to introduction to tanks, a 

sample of larvae were examined with a stereo microscope and were seen to be ‘eyed’, 

actively swimming, and even exploring the surface of the examination holding dish with their 

foot extended. After the four day experimental settlement period, all water was drained from 
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the tanks and replaced with new, sand-filtered estuarine water (for subsequent growth 

experiments, see below), and enumeration of settled oysters, hereafter called ‘spat’, began. 

 To quantify larval settlement on each substrate type, all spat in a haphazardly selected 

sub-sample (2 cm diameter circle on the broadest side of each piece) were counted under 12x 

magnification using a stereo microscope. A sub-sample was analyzed rather than a full 

census of each piece because of the different surface rugosity, geometry and size of each 

material. For the oyster shells, only the inner, concave side of the valve was examined, as 

larvae may prefer the smooth, concave side of oyster shells over the outer side as a settlement 

location (Crisp 1967). Also, the inner-side of shells was placed facing up in experimental 

tanks, similar to the broadest side of the other substrate types, which was where sub-samples 

were taken for spat enumeration on those materials. Only live spat were counted, while 

remnants of shells were not, as metamorphosis is an irreversible developmental process 

involving morphological and physiological changes that not all individuals survive (Baker 

and Mann 1994). Spat counts were scaled to individuals per cm
2
 for analysis, and then were 

log10(x +1) - transformed in an attempt to meet assumptions of normality and homogeneity of 

variance for analysis of variance (ANOVA). Despite transformation, spat settlement density 

data still failed Levene’s test for homogeneity of variances (p=0.0242). Examination of 

residual and quantile plots of transformed data indicated variances were not strongly 

heterogeneous and therefore were used in data analysis, as ANOVA is typically robust to 

failures of this assumption with balanced data and sufficient sample size (Glass et al. 1972, 

Underwood 1997, D. Dickey- NCSU Statistics Department, personal communication). All 

subsequent data presented met assumptions of ANOVA on visual inspection of residuals and 
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passed Levene’s test for homogeneity of variances without transformation. All post-hoc 

means comparisons among treatment levels were made with Tukey’s Honest Significant 

Difference test (HSD). 

A generalized linear model was used to perform all statistical analyses, and model 

selection involved removing non-significant interactions between main effects. For larval 

settlement density, ANOVA with substrate material as the factor was used to test for 

differences in oyster settlement between substrate types. 

 

Substrate effects on oyster recruitment and juvenile density in the field 

A series of experimental reefs constructed of each of the four substrates were built to 

examine the interactions between oysters and Clionid boring sponges on each substrate and 

any potential interactions between substrate type and abiotic factors, primarily the estuarine 

salinity gradient. Eighty experimental reefs were constructed in the North and Newport River 

estuaries, Carteret County, North Carolina, USA during May 2012, at the beginning of the 

oyster spawning season in central NC (Eggleston et al. 2011). A total of 40 reefs were 

constructed in each river with two reefs of each substrate type deployed at each of five sites 

(i.e., 8 reefs per site) within each river (Fig. 1). Substrate materials were either purchased 

from local vendors (granite and concrete from Sunland Builders, Newport, NC; oyster shell 

from Green’s Oyster & Seafood Co., Shallotte, NC) or donated by the NC Division of 

Marine Fisheries (marl), and were held in stockpiles at UNC-Institute of Marine Science in 

Morehead City, NC prior to deployment in the field. Granite used to build experimental reefs 

was slightly different from that used for the laboratory settlement study described above; reef 
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granite was similar to gravel rather than semi-smooth granite countertop. Sites were selected 

following consultation with local watermen and personal reconnaissance to represent a large 

portion of the estuarine salinity gradient and include salinities that would likely affect oyster 

growth and survival, as well as abundance of Clionid boring sponge (Graves 1904; Wells 

1959, 1961). Sites experienced salinities ranging from around 20 psu at up-estuary sites to 

near 35 psu at down-estuary sites, depending on recent precipitation, tides, and winds (Fig. 

2). In general, the mean salinity increased moving from site 1 down to site 5, while the range 

of salinities measured at each site decreased moving down-estuary, such that sites 1 and 2 

had wider variations in salinity than sites 4 and 5. All sites were subtidal, averaging 0.5-1.0 

m depth at mean low water, with tidal heights of 1-1.5 m. Most reefs were built on sandy-

mud, soft bottom areas, although three sites had evidence of shell hash prior to reef 

construction. Individual reefs were constructed with a single substrate material, were 2 m x 2 

m in size, and had a height approximately 0.5 m above the benthos at the center of the reef. 

Individual pieces of each substrate varied in size (approximate mean axes dimensions: 

granite- 5 cm x 3.5 cm, marl- 5 cm x 4 cm, concrete- 11 cm x 9 cm, shell- 12 cm x 6 cm ), 

such that there were more individual pieces of marl and granite needed to build a 2 m x 2 m x 

0.5 m reef than of concrete or oyster shell. All experimental reefs remained fully subtidal for 

the duration of the experiment. Replicate reefs were positioned in a line at each site, spaced 2 

m apart, and were randomly ordered spatially as: granite – marl - concrete - shell - granite - 

marl - concrete - shell. 

To gather information on natural recruitment and juvenile density of oysters on each 

reef type as the first step in long term monitoring of reef development, density of oysters was 



 

13 

sampled three months (August 2012), five months (October 2012), and twelve months (May 

2013) post-construction. Oysters on reefs after three months were considered recruits, while 

those on reefs beyond five months were considered juveniles. Each reef was sampled at or 

near high tide to test for differences in oyster density and oyster growth on each of the reef 

substrate types. Water quality parameters of salinity, temperature and dissolved oxygen were 

recorded with a YSI-85 at 1 m depth at each of the ten experimental sites while sampling. 

Oyster samples were taken by hand-excavating a pre-determined number of individual pieces 

of each substrate material from within a haphazardly chosen point on each reef (number of 

pieces in each substrate sample discussed below). Substrate pieces, with oysters attached, 

were brought to the surface and processed within 1 hour of collection. All live oysters were 

counted, and the valve length of each (up to 30 individual oysters per substrate piece) was 

measured. Some quadrats were sub-sampled (
1
/2 sub-sample) if oyster densities were 

extremely high based on visual estimates. Substrate pieces were not replaced. Oyster counts 

for each replicate reef were scaled to oysters m
-2

 for analyses. 

To standardize surface area of substrate sampled given the different sizes and 

geometries of materials, a different number of pieces of each substrate were removed and 

sampled from the different reef types. The surface area of 30 randomly chosen pieces of each 

material type was calculated by completely covering the outside of each piece in a layer of 

aluminum foil (Shelly 1979, Morales-Alamo 1993). We then removed and weighed the foil 

and calculated the surface area of the foil based on a previously determined mass per unit 

area of the foil. The mean surface area of the 30 haphazardly chosen pieces of each substrate 

was calculated (Table 1). Field samples taken from reefs were equivalent to approximately 
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0.33 m x 0.33 m (=0.1089 m
2
) of substrate surface area by excavating and 

counting/measuring oysters on a different number of pieces of each substrate type based on 

the average size  calculated above (Table 1). Based on these calculations, we excavated and 

counted/measured oysters on 7 pieces of concrete, 9 oyster shells, 17 pieces of marl, and 20 

pieces of granite per reef. Final estimates of density are scaled to oysters m
-2

 of substrate 

surface area based on the actual surface area of each substrate that was sampled (Table 1). 

Due to significant interactions between the sampling event and other factors, data was 

analyzed separately for each estuary at each sampling event with ANOVA, including factors 

of site and substrate material. Estuaries were treated separately, as seasonal precipitation 

levels are hypothesized to impact oyster spat settlement in these two systems in different, 

opposing directions (Graves 1904). A significant interaction between site and substrate 

material required sites within each estuary to be analyzed individually for data from both 

estuaries in August 2012, for the North River in October 2012, and for the Newport River in 

May 2013 (two-way ANOVAs, all interaction probability values <0.0323).  Low levels of 

oyster recruitment to up-estuary sites (1-4) in both rivers during summer 2012 did not allow 

for meaningful statistical comparisons between reef substrate types at most sites. Down-

estuary site 5 in each river did have sufficient recruitment to compare oyster densities on the 

four substrate materials tested, such that pair-wise means comparisons among substrate 

treatments were only made using data from site(s) 5 at each of the three sampling events 

using one-way ANOVA with substrate material as the factor. 
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Substrate effects on juvenile oyster growth in the laboratory 

Following the initial pilot settlement study performed in the laboratory in July 2011, 

substrate materials with recently settled spat were held in mesh bags which were placed into 

Bogue Sound just in front of the NCSU Center for Marine Science and Technology, 

Morehead City, NC. Oyster valve length was measured 26 days after the move into raw 

seawater by haphazardly selecting pieces of each material, examining them at 12x 

magnification under a stereo microscope, and measuring individual oysters. The valve length, 

the distance from the umbo region of the shell to the opposite margin, was measured on the 

first individual oyster encountered on each piece of material under examination. After a 

juvenile oyster was encountered and measured, a new substrate piece was then haphazardly 

selected. Length measurements were made using a combination of an ocular micrometer and 

calipers, depending on the orientation of the individual under examination. Mean juvenile 

oyster growth (mm day
-1

) was analyzed with ANOVA using substrate material as the factor. 

 

Substrate effects on oyster valve length and growth in the field 

Mean valve length of all oysters measured on each individual reef in August 2012 

was analyzed for each river separately with ANOVA using site and reef substrate as factors. 

A significant interaction between substrate material and site required sites to be analyzed 

individually (two-way ANVOAs, p<0.036 for Substrate*Site for each estuary).  

Due to the uncertainty of settlement date, growth of oysters on experimental reefs 

beyond August 2012 was characterized using modal analysis of length frequency 

distributions rather than using mean valve length. Length frequency distributions were 
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calculated for both August and October 2012 sampling events, and growth rates of oysters on 

reefs between those dates was calculated (mm d
-1

). Some sites did not have sufficient oyster 

abundance to create distributions for growth analysis (Newport 1-4 and North 1-2), but for 

reefs that did have sufficient abundance of oysters (Newport 5 and North 3-5, replicate 

substrate reefs within a site combined), size class intervals were in 3 mm bins. A single mode 

in each length frequency distribution collected in August and October 2012 was identified 

using NORMSEP (FiSAT), which treats length frequency distributions as a mixture of 

normal distributions and applies a maximum likelihood function to separate the full 

distribution into its normal components. Each mode is characterized by a mean valve length, 

standard deviation, and modal population (density). The number of modes was specified a 

priori at one and increased until the separation index of modal means was <2 (~2 SD; 

Jennings et al. 2001 and references therein). However, because only one year-class was 

represented in these samples, all distributions were uni-modal. Growth (mm d
-1

) of oysters on 

each reef type within a site was calculated by subtracting modal means for August from those 

for October and dividing by the number of days between sampling events. We then 

calculated 95% confidence intervals (CI) around these mean growth rates (student’s t 

distribution, df=1), and visually compared CI’s for overlap to test for differences between 

substrates. 
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RESULTS 

Substrate effects on larval oyster settlement in the laboratory 

 Oyster spat settlement varied significantly by substrate type (one-way ANOVA, df= 

3, 60; p<0.0001), and pair-wise comparisons between substrate treatment types made by 

Tukey’s HSD indicated that oyster shell and limestone marl received higher settlement, 

followed by concrete and then granite (Fig. 3). 

 

Substrate effects on oyster recruitment and juvenile density in the field 

There was a significant effect of site on density of oysters in the Newport River in 

October 2012 and in the North River in May 2013 due to low recruitment of oysters to up-

estuary sites in each river (Tables 2-4). Significant interactions between substrate material 

and site prevented comparisons between sites for the North River in August and October 

2012 and for the Newport River in August 2012 and May 2013 (Tables 2-4). However, data 

pooled across substrate type revealed that down-estuary sites had higher oyster densities than 

up-estuary sites at most sampling events in both rivers (Fig. 4).  

Comparisons of oyster densities on each substrate type from only high-salinity site(s) 

5 (where oyster recruitment was sufficient to allow for meaningful comparisons) 

demonstrates the different development pattern of each of the reef types up to one year post-

reef construction. Ranks of oyster densities on the four reef types varied through time, 

although there were no significant differences in density among reef substrates at any 

sampling event (Fig. 5). By May 2013 differences were nearly apparent in the Newport 

River, although not significant at the α=0.05 level (one-way ANOVA df=3,4; p=0.0503), 
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where densities on concrete and oyster shell reefs were higher than densities on marl and 

granite reefs. Higher densities on concrete and shell reefs than on marl and granite were also 

evident at sites other than Newport 5, although low oyster recruitment to some of these sites 

made comparisons between substrate types difficult. Densities on reefs at site(s) 5 also 

declined through time as the May 2013 data shows lower densities on all four reef types than 

August and October 2012 (Fig. 5). 

 

Substrate effects on juvenile oyster growth in the laboratory 

 Growth rates of oysters during early-life in the laboratory were not different among 

the four substrate materials after 26 days (one-way ANOVA, df=3,60; p=0.3940). Oysters on 

crushed concrete had the highest growth rate on average (mean growth= 0.17 ±0.011 SE mm 

d
-1

), whereas oysters on granite had the lowest growth (0.13 ±0.03 SE mm d
-1

). 

 

Substrate effects on oyster valve length and growth in the field 

 Mean oyster valve lengths in August 2012 on each substrate type were variable across 

both rivers and sites, with no patterns evident among either substrate type or site factors in 

either river. There were no significant differences in mean valve length between substrate 

types at up-estuary sites 3-5 in both rivers, although low recruitment and small sample size at 

these sites could mask an ability to detect differences. Sites 4 and 5 in the North River, and 

site 5 in the Newport River did have significant differences in mean valve length on the 

different substrates, although results varied (Table 5, Fig. 6). At these sites, oysters on shell 
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reefs were always significantly larger than oysters on marl reefs, while lengths on concrete 

and granite varied. 

 Growth rates of oysters on reefs of each substrate type from August to October 2012 

were similar. Growth rates ranged from 0.098 mm d
-1

 to 0.221 mm d
-1

,  but all had relatively 

large standard deviations (0.071-0.114), and all confidence intervals overlapped (Table 6), 

indicating no significant differences in oyster growth rate on reefs of different substrates 

during the early juvenile stage. 

 

DISCUSSION 

Larval oyster settlement and subsequent survival on reefs are two ecological 

processes potentially limiting the initial success and persistence of both restored and natural 

oyster reefs (Coen and Luckenbach 2000, Mann and Evans 2004, Brumbaugh and Coen 

2009, Powers et al. 2009). Although there was a preference for CaCO3-based substrates by 

oyster larvae in the laboratory in this study, there was no effect of substrate type in the field 

on oyster recruitment (recruits defined here as individuals <3 months old) and generally no 

effect of substrate type on juvenile density (juveniles defined here as individuals >5 months 

old), although Newport River site 5 nearly had a significant effect of substrate one year after 

reef-deployment. There was also no effect of substrate type on oyster growth in the lab, and 

little to no effect of substrate type on growth in the field. Most demographic parameters did 

not vary tremendously between substrate materials deployed at high salinity sites in the field 

where initial recruitment was high. However, densities at high salinity sites one year after 

reef deployment declined such that they began to resemble densities at further up-estuary 
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sites. Subsequent competition with other infaunal fouling organisms and predation by oyster 

predators, particularly at high salinity sites, will continue to shape how the oyster community 

develops on these experimental reefs, so continued monitoring is warranted. Low oyster 

recruitment to most up-estuary sites precludes us from making recommendations about 

substrate efficacy in lower salinities at this time. 

 

Substrate effects on larval oyster settlement in the laboratory 

In the laboratory in this study, CaCO3-based substrates (shell and limestone marl) 

attracted more settling larvae than non-CaCO3 materials (concrete and granite). Although 

crushed concrete did not perform as well as oyster shell or marl in attracting oyster larvae, it 

remains a viable cultch material because oysters did successfully settle onto it, and while not 

tested here, it is hypothesized to be impenetrable to Cliona boring sponge. The mechanisms 

underlying substrate effects on larval settlement in the laboratory in this study are unclear. 

For example, although biofilms developed on all substrates used, granite was much less 

attractive to settling larvae than any of the other three substrates tested. Biofilm community 

composition is substrate-specific, responding to the chemical and mineralogic make-up of a 

material as well as its surface texture (Faimali et al. 2004, Gleeson et al. 2006, Hutchinson et 

al. 2006). Biofilm community composition for the substrates tested here is unknown, and 

different biofilm communities on individual substrate types could have affected the patterns 

of oyster settlement observed. Alternatively, the chemical composition of substrates 

themselves could have directly affected oyster settlement. Granite is composed of less than 

2% calcium on average (Blatt and Tracy 1995), and a calcareous composition would be 
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attractive to oyster larvae from an evolutionary standpoint as oyster shells are primarily made 

of CaCO3. Settling in the same location as an adult oyster should be an effective survival 

strategy. 

 

Substrate effects on oyster recruitment and juvenile density in the field 

For sessile invertebrate bivalves such as oysters, recruitment of individuals to a 

population includes settlement to the benthos from the pelagic larval stage, as well as 

survivorship through early-life, which can be affected by predation, competition, and other 

sources of post-settlement mortality. Lack of an effect of substrate material on oyster 

densities in the field could be partially due to the low level of recruitment overall at up-

estuary sites. However, at down-estuary sites were recruitment was high, densities were high 

on all substrates prior to over-wintering, with differences only emerging at Newport site 5 

after one year in the field, whereby oyster shell and concrete reefs had higher densities than 

marl and granite reefs. 

The effect of the estuarine salinity gradient on larval supply was evident, as oyster 

density typically increased moving down-estuary. Sites 3-5 in the North River (130-535 m
-2

) 

and site 5 in the Newport River (~1475 m
-2

) had oyster densities that compared favorably 

with previous restoration projects in Chesapeake Bay (~350 m
-2

; Schulte et al. 2009) and 

Pamlico Sound (135-1100 m
-2

; Puckett and Eggleston 2012). Densities at up-estuary sites in 

both rivers were lower (15-55 m
-2

), potentially because of low larval supply or the short 

duration of the study, which didn’t allow for multiple years of recruitment. Thus, it was not 
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possible to determine how each substrate interacted with salinity because of low oyster 

recruitment at up-estuary sites.  

Granite proved to be far more effective as an oyster reef substrate based on natural 

recruitment in the field than based on the laboratory settlement experiment, at least initially 

(<6 months post-construction). This was potentially due to the type of granite used, as the 

gravel-type granite used on experimental reefs had a slightly rougher surface texture than the 

granite used for laboratory settlement. The very smooth surface of the granite used in the lab 

may prevent permanent cementation by larvae as they metamorphose compared with the 

slightly rougher gravel, or biofilm community composition may have varied between granite 

types due to surface textural differences (Hutchinson et al. 2006). Chemical composition of 

each of these two granite types is unknown and also may have affected either biofilm 

development or directly affected larval settlement choice. Over a twelve-week study, Soniat 

et al. (1991) found that gravel was unsuccessful in attracting oyster spat, contrasting with 

results seen at high salinity sites through the first 5 months of this study where there were no 

differences in oyster density among substrate types. However, after one year, granite reefs at 

high salinity site(s) 5 had few living oysters remaining. Continued monitoring of these reefs 

through a second oyster spawn/recruitment season should lead to a better understanding of 

the substrate preferences of oyster larvae in a natural setting and allow insight into how these 

substrates could interact with salinity to influence oyster recruitment and subsequent juvenile 

density. 

There is little agreement within the literature regarding the effects of abiotic 

environmental parameters on successful oyster recruitment, and these two estuaries are a 
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good example of that uncertainty. Graves (1904) proposed an inverse relationship in oyster 

recruitment success between the Newport and North Rivers based on seasonal precipitation, 

such that in dry years the Newport received high “spat [catch]”, while the North River would 

have better recruitment in wet years. Spat settlement data from NC DMF oyster cultch 

planting sites over the past decade does suggest this inverse relationship, where one of the 

estuaries typically sees more oyster spat recruitment than the other. However, Graves’ (1904) 

hypothesized mechanism driving these differences, seasonal precipitation, does not always 

accurately predict relative oyster spat abundance in these systems. For instance, in 2006, a 

wet summer, the North River had more spat per shell than the Newport River, as would be 

predicted (Table 7). However, in 2011, a slightly dry summer, the North River again had 

more than twice as many spat per shell as the Newport River (Table 7). In the present study, 

spat recruitment was highest at a down-estuary site in the Newport River despite wet 

conditions in summer 2012. Oyster recruitment in dynamic estuarine ecosystems is difficult 

to predict, and while prevailing seasonal precipitation could play a role, oyster recruitment 

success likely depends on a multitude of factors. 

Salinity also seems to play a role in driving spatial abundance patterns and changes 

through time. In the present study and in two South Carolina estuaries, high salinity areas had 

higher densities of oyster recruits than low salinity sites (Michener and Kenny 1991). 

However, in Louisiana, oysters recruit and survive best at salinities from 5-15 psu (Melancon 

et al. 1998). Post-settlement survival is highly dependent on location in the estuary, as 

survival is depressed at more coastal sites due to increased predation by gastropods, 

crustaceans, and fishes, and increased competition for space with other infaunal organisms 
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(Graves 1904, Wells 1961, Soniat et al. 2004). In the present study, there was no evidence of 

salinity-dependent survival at five months post-reef deployment, although the short duration 

of this study (over a single spawning season) may have prevented a salinity-dependent 

survival pattern from being realized given that recruitment was low to up-estuary sites 

compared with some previous years. However, after one year, oyster densities had declined 

at the highest salinity site(s) 5 in both rivers from their previous values, with density falling 

below mid-estuary sites 3 and 4 at North River site 5 (Fig. 4).  This site is exposed to strong 

currents and is prone to burial by tidally-deposited sand, potentially explaining the 

tremendous decline in oyster density seen at that location following the winter of 2012/13. 

 

Substrate effects on oyster growth in the laboratory and field 

 Juvenile oysters set in the laboratory and transplanted into high salinity estuarine 

water for grow-out had comparable growth rates on all four of the test substrates, and there 

was little or no effect of substrate material on oyster valve length or growth of individuals on 

experimental reefs in the field. Oysters in Pamlico Sound, NC were previously estimated to 

grow at 0.082 mm d
-1

 over the course of a 7 year NC DMF sampling program (Ortega and 

Sutherland 1992), while Puckett and Eggleston (2012) estimated oyster growth rates of 0.25 

to 0.39 mm d-
1
 during the first 0.5 y of life at sites across Pamlico Sound. The rates of 

growth seen in the present study (0.094 - 0.112 mm d
-1

) agree reasonably well with these 

previous estimates, especially because the unknown settlement dates on experimental reefs 

only allow for the most conservative of growth rate estimates. 
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Oyster growth on reefs at up-estuary sites (1-3) in both rivers was highly variable and 

did not differ significantly among substrate types. However, relatively few individuals were 

encountered at these sites, so the low sample size could mask potential differences. At sites 4 

and 5 in the North River and site 5 in the Newport, where valve length did differ significantly 

in August, oyster shell reefs generally larger individuals than marl reefs, while valve lengths 

on granite and concrete reefs varied between sites. In a pilot experiment deployed at the same 

sites, oysters growing on pieces of marl were smaller than those growing on the other three 

substrates (R. Dunn, unpublished data). The rugosity of marl’s surface could potentially 

inhibit oyster valve longitudinal growth at these early stages, instead enhancing shell 

thickness or oyster condition, although there was no specific evidence that this was the 

mechanism causing lower growth on marl. There were no differences in growth rates on reef 

types in high salinity areas between August and October, suggesting that there is no 

difference in an oyster’s ability to grow once it has chosen to settle on any of these four 

substrates. 

  In this study, contrasting results from laboratory experiments, which showed a strong 

preference by oyster larvae for CaCO3-based substrates, and field experiments, where there 

was little to no effect of substrate type on demographic rates during early life, emphasize the 

need to use a suite of evaluation procedures (i.e., multiple laboratory and field experiments 

over multiple years) when pilot-testing restoration methodologies, because early-life 

demographic processes for many marine invertebrates are quite variable. Low recruitment 

overall to many sites made generalizations about potential salinity – substrate interactions 

uncertain, but the large differences in recruitment between sites within these relatively small 
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estuaries underscores the importance of multi-year monitoring and groundtruthing prior to 

artificial reef construction. Successful long-term oyster restoration depends on effective 

siting and deployment of reef building materials, with one ultimate goal of creating a self-

sustaining oyster population within a network of restored and natural reefs. Thus, careful 

selection of substrate materials used for restoration projects is vital to the long-term success 

of restored reefs. Selecting a substrate material that is able to attract oyster spat and maintain 

healthy and growing recruits should lead to self-sustaining restored reefs, as long as 

destructive removal practices continue to be prohibited. The results of this study to date 

suggest that non-CaCO3 substrates, such as concrete, may be viable alternatives to CaCO3 

materials, such as oyster shells and limestone marl, in relatively high salinity areas where 

Clionid boring sponge and other oyster “enemies” (Graves 1904) are common. 
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Table 1. Experimental oyster reef sampling protocol based on surface area of individual reef 

substrate pieces, standardized to a common sample size via weight:area conversion using 

aluminum foil. 

 

 

 

 

 

  

Material Concrete Shell Granite Marl 

Mean surface area of 

individual piece (m
2
) 

0.01571 0.01193 0.00533 0.00631 

Standard deviation 0.00510 0.00387 0.00136 0.00139 

No. pieces needed for 

0.1089 m
2
 S.A. sample 

6.9299 9.1209 20.4246 17.2599 

No. pieces actually 

excavated for examination 
7 9 20 17 

S.A. actually sampled (m
2
) 0.1100 0.1075 0.1066 0.1073 
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Table 2. ANOVA results from oyster recruitment density on experimental reefs in North and 

Newport River estuaries in August 2012. Sites within each estuary analyzed individually due 

to significant interaction between site and substrate material. 

 

Source DF Type III SS F p 

Material (North 1) 3 737.23 0.59 0.6539 

Residual 4 1668.81   

Material (North 2) 3 2733.14 0.57 0.6660 

Residual 4 6438.68   

Material (North 3) 3 15042.64 0.79 0.5603 

Residual 4 25463.98   

Material (North 4) 3 38979.67 0.95 0.4964 

Residual 4 54685.68   

Material (North 5) 3 579151.47 3.75 0.1170 

Residual 4 205858.72   

Material (Newport 1) 3 356.08 0.25 0.8547 

Residual 4 1861.90   

Material (Newport 2) 3 8477.15 3.30 0.1396 

Residual 4 3426.85   

Material (Newport 3) 3 827.41 2.19 0.2312 

Residual 4 502.60   

Material (Newport 4) 3 3501.07 1.96 0.2619 

Residual 4 2380.68   

Material (Newport 5) 3 1534145.59 3.91 0.1106 

Residual 4 523643.96   
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Table 3. ANOVA results from oyster density on experimental reefs in North and Newport 

River estuaries in October 2012. Sites analyzed individually for North River due to 

significant interaction between site and substrate material. 

 

Source DF Type III SS F p 

Material (North 1) 3 779.25 11.98 0.0182 

Residual 4 86.69   

Material (North 2) 3 3344.79 6.06 0.0572 

Residual 4 736.22   

Material (North 3) 3 64279.58 0.74 0.5826 

Residual 4 116339.48   

Material (North 4) 3 97110.54 17.96 0.0087 

Residual 4 7210.56   

Material (North 5) 3 756252.66 5.36  0.0693 

Residual 4 188237.84   

     

Site (Newport Oct) 4 15675243.23 58.09 <.0001 

Material 3 337945.14 1.67 0.1931 

Residual 32 2158745.77   

 



 

36 

Table 4. ANOVA results from oyster density on experimental reefs in North and Newport 

River estuaries in May 2013. Sites analyzed individually for Newport River due to significant 

interaction between site and substrate material. 

 

Source DF Type III SS F p 

Site (North May) 4 247553.43 7.93 0.0001 

Material 3 64774.31 2.77 0.0577 

Residual 32 249679.78   

     

Material (Newport 1) 3 3470.70 13.68 0.0143 

Residual 4 338.34   

Material (Newport 2) 3 28801.58 0.75 0.5772 

Residual 4 51294.31   

Material (Newport 3) 3 2604.72 1.23 0.4089 

Residual 4 2828.54   

Material (Newport 4) 3 130828.35 26.06 0.0044 

Residual 4 6693.33   

Material (Newport 5) 3 577995.82 6.56 0.0503 

Residual 4 117392.89   
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Table 5. One-way ANOVA results of mean oyster valve length on experimental reefs in 

August 2012, site within river analyzed individually. 

 

Source DF Type III SS F p 

Material (North 1) 3 60.64 0.66 0.5905 

Residual 14 429.22   

Material (North 2) 3 122.19 1.98 0.1450 

Residual 23 472.97   

Material (North 3) 3 48.90 1.18 0.3211 

Residual 111 1534.81   

Material (North 4) 3 250.86 4.54 0.0044 

Residual 159 2925.88   

Material (North 5) 3 442.44 10.94 <.0001 

Residual 467 6295.10   

Material (Newport 1) 3 24.28 0.39 0.7584 

Residual 16 327.92   

Material (Newport 2) 3 19.64 0.45 0.7184 

Residual 46 669.11   

Material (Newport 3) 3 23.43 0.22 0.8804 

Residual 10 355.21   

Material (Newport 4) 3 207.23 1.48 0.2548 

Residual 17 792.00   

Material (Newport 5) 3 462.40 11.10 <.0001 

Residual 827 11488.43   
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Table 6. Oyster growth rates on reefs of each substrate type between three and five months 

post-reef deployment. Rates calculated from modal progression of length frequency 

distributions of data collected in August and October 2012. 

 

River Site Material Mean Growth Rate 

(mm d
-1

) 

95% Confidence 

Interval (mm d
-1

) 

Newport 5 Granite 0.166 (-1.266- 1.599) 

Newport 5 Marl 0.126 (-1.195- 1.448) 

Newport 5 Shell 0.148 (-1.547- 1.843) 

Newport 5 Concrete 0.140 (-1.396- 1.676) 

     

North 3 Granite 0.112 (-0.866- 1.090) 

North 3 Marl 0.127 (-0.779- 1.026) 

North 3 Shell 0.108 (-0.766- 0.982) 

North 3 Concrete 0.110 (-1.293- 1.513) 

     

North 4 Granite 0.098 (-1.351- 1.545) 

North 4 Marl 0.101 (-1.634- 1.836) 

North 4 Shell 0.118 (-1.716- 1.952) 

North 4 Concrete 0.104 (-1.526- 1.733) 

     

North 5 Granite 0.221 (-1.183- 1.624) 

North 5 Marl 0.140 (-0.901- 1.181) 

North 5 Shell 0.167 (-0.906- 1.240) 

North 5 Concrete 0.142 (-1.087- 1.370) 
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Table 7. Oyster spat settlement at NC Division of Marine Fisheries cultch planting sites in 

Newport and North Rivers and summer seasonal precipitation characterization (oyster data 

from NC DMF, precipitation data from State Climate Office of NC; NC CRONOS 

Database).  

 

Spat settlement year River Average spat/shell Precipitation  

2006 

North 1.81 

Wet 

 

Newport 0.6  

     

2008 North 0.2 Dry  

     

2009 Newport 2.06 Slightly Dry  

     

2010 North 0.5 Slightly dry  

     

2011 

North 3.74 

Slightly dry 

 

Newport 1.4  
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Figure 1. Study site, Newport and North River estuaries, Carteret County, North Carolina, 

USA. Dark triangles mark experimental reef locations. 
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Figure 2. Salinity measurements taken at experimental reef sites in A) North River and B) 

Newport River estuaries during sampling events from August 2011-October 2012. Boxes 

show 25
th

, 50
th

 and 75
th

 percentiles of salinity data at each site. 
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Figure 3. Larval oyster settlement on alternate substrate materials. Letters denote statistical 

significance levels from Tukey’s HSD based on one-way ANOVA (shared letter = no 

significant difference at α=0.05). Error bars are ± 1 SE.  
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Figure 4. Oyster density on experimental reefs by site, pooled across substrate for both rivers 

in A) August,  B) October 2012, and C) May 2013; star or lower-case letters denote statistical 

significance levels based on two-way ANOVA and pair-wise means comparisons with 

Tukey’s HSD for each estuary separately (shared letter = no significant difference at α=0.05, 

all p<.0001). Error bars are ± 1 SE. Note break in y-axis from 700-1400 in panels A and B. 
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Figure 5. Oyster density on experimental reefs of each substrate type through time at sites 5 

in A) North and B) Newport Rivers. There were no statistically significant differences 

between substrate types at any sampling event for each river separately based on one-way 

ANOVA, α=0.05. 
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Figure 6. Mean oyster valve length by site for (A) North and (B) Newport Rivers in August 

2012. Where present, lower-case letters denote statistical significance levels from Tukey’s 

HSD based on one-way ANOVA for each site within river separately (shared letter = no 

significant difference at α=0.05). Error bars are ± 1 SE.  
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CHAPTER 2 

CLIONID BORING SPONGE PREFERENTIALLY INFESTS OYSTER SHELLS 

OVER ALTERNATE REEF SUBSTRATES, BUT DOES NOT AFFECT OYSTER 

LIFE HISTORY PARAMETERS IN THE SHORT-TERM  

ABSTRACT 

Clionid boring sponges have recently (~2010) infested multiple artificial oyster reefs 

in Pamlico Sound, North Carolina, USA, where oyster densities were initially quite high but 

have greatly declined since 2010. The marl substrate material used to build these reefs was 

also highly infested by sponge, such that the suitability of the reefs for oysters was 

potentially compromised. Alternate substrates that could be used for future reef-building 

were investigated in the field to determine their susceptibility to infestation by Cliona boring 

sponge. Substrates included calcium carbonate-based (oyster shells, limestone marl) and non-

calcium carbonate (concrete, granite rock), as bioerosion by Clionid sponges typically targets 

CaCO3. Oyster settlement, recruitment, juvenile length, and mortality were also examined to 

test for an effect of Cliona on oyster life history processes. There were no statistically 

significant differences in larval oyster settlement on shells with varying degrees of Cliona 

boring sponge infestation in the lab, although oysters did exhibit lower settlement densities 

on shells with live sponge compared to shells without live sponge. In the field, oyster 

recruitment, length, and mortality did not vary significantly in the presence or absence of 

Cliona boring sponge over the course of a <1 year study. Oyster shells were the most 

susceptible substrate to growth of Cliona, followed by limestone marl, while concrete and 

granite were not susceptible to sponge growth, likely due to their chemical composition. 
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Abundance of sponge was highly dependent on location in the estuary, as up-estuary sites 

had little to no sponge growth compared with sites in higher salinity areas. Oyster restoration 

using CaCO3-based substrates may be limited to mesohaline portions of estuaries if Clionid 

boring sponges are abundant. 
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INTRODUCTION 

Efforts to restore the Eastern oyster, Crassostrea virginica Gmelin (hereafter 

‘oyster’), along much of the Atlantic coast of the United States have had varying levels of 

success (Beck et al. 2011). For example, in North Carolina, U.S.A., oyster reefs built over the 

past thirty-years within no-take oyster sanctuaries have met or exceeded minimal criteria for 

success, defined as oyster densities >10 m
-2

, reef structure at least 20 cm above the bottom, 

and recent evidence of spat recruitment (Powers et al. 2009, Puckett and Eggleston 2012). 

Conversely, large-scale oyster restoration in Chesapeake Bay has been described as a failure 

(Mann and Powell 2007), whereas restoration activities at the scale of small tributaries of 

Chesapeake Bay have been characterized as a success (Schulte et al. 2009). The need to 

restore this important estuarine ecosystem engineer stems from a tremendous decline in 

oyster abundance, with more than 90% of oyster reef habitat lost along the U.S. Atlantic 

coast compared with historic abundance levels (Newell 1988, Heral et al. 1990, Rothschild et 

al. 1994, Frankenberg 1995, Beck et al. 2011). These tremendous losses are due to the 

combined impacts of overfishing (Jackson et al. 2001), eutrophication and sedimentation 

(Cooper and Brush 1993), and disease (Lenihan et al. 1999, Powell et al. 2008), among other 

factors. Early oyster restoration efforts were conducted on a put-and-take basis aimed at 

enhancing the fishery by allowing harvest of oysters on beds where cultch (small pieces of 

hard substrate which provide habitat for settling oyster larvae) had been planted one to three 

years prior. However, managers have since begun to focus more on reef-building within 

marine protected areas (MPAs) that will provide ecosystem services and ecosystem functions 

to estuaries in perpetuity, including oyster larval supply to fished areas, improved water 
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quality, habitat for other estuarine species of commercial or recreational importance, wave 

energy attenuation, and many others (Peterson et al. 2003, Coen et al. 2007, Grabowski and 

Peterson 2007). 

In North Carolina (NC), subtidal oyster reef restoration, which has been ongoing 

since the mid-1990s, has created a network of no-take oyster reserves in Pamlico Sound. One 

goal of this restoration effort is the establishment of a self-sustaining network of broodstock 

reserves that will supply oyster larvae to unfished reefs within the network as well as fished 

reefs and cultch planted areas throughout Pamlico Sound and adjoining water bodies. 

Reserves consist of high-relief (~2 m) artificial mounds constructed of limestone marl 

boulders scattered across areas 1-5 hectares in size. Most reserves in the network increased in 

oyster density from 2006-2008, some with increases in density of up to 400% on recently 

constructed reefs (Puckett and Eggleston 2012). However, at multiple oyster reserves located 

throughout Pamlico Sound (Hatteras, Ocracoke, Gibbs Shoal, among other reserves), oyster 

densities declined beginning around 2009. There was no evidence of oyster disease, burial of 

mounds by shoaling, or hypoxic conditions at these locations, which are the typical causes of 

such declines (C. Hardy, NC Division of Marine Fisheries (DMF), unpublished data). 

However, coincident with the decline in oyster density at these reserves was an increase in 

prevalence of Atlantic oyster drills (Ursosalpinx cinerea) and Clionid boring sponges, which 

were ubiquitous within oyster shells as well as within the marl reef foundation (NC DMF and 

N. Lindquist, unpublished data). Predation of oysters by drills was not tested as a cause of 

oyster reserve decline in the present study; rather, we focused on potential negative impacts 

of clionid sponges on oysters at these sites. 
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Cliona species of boring sponges are wide-spread bioeroders on all types of 

calcareous substrates, including tropical coral and temperate oyster reefs (Wells 1959, 

Goreau and Hartman 1963, MacGeanchy 1977), and they can damage the structural integrity 

of calcareous coral reefs (Rützler 1975). Along with impacting the shell of an oyster via 

bioerosion, by which the sponge riddles the oyster shell with tunnels and galleries leading to 

weakened shells, boring sponges can lower respiration rates of oysters, possibly in response 

to a secondary metabolite released by the sponge (N. Lindquist, unpublished data). Tissue 

samples from oysters taken from the Hatteras reserve were compared with oysters from a 

reserve that had not experienced a decline in oyster density and did not have ubiquitous 

Cliona sponge (Crab Hole reserve) using two biomarkers of oyster health- lysosomal 

destabilization and glutathione concentration. These two biomarkers are particularly sensitive 

to contaminant stress rather than stress induced by low-oxygen conditions (Ringwood et al. 

1999). Data from both sets of immunoassays suggested oysters from the Hatteras reserve 

were exposed to some sort of contaminant, while oysters from the Crab Hole reserve were 

not contaminant stressed (A. Ringwood, UNC-C, unpublished data). High levels of 

destabilized lysosomes and low glutathione concentrations can predispose oysters to other 

stressors and negatively impact reproduction (Ringwood et al. 1998, 1999, Ringwood and 

Conners 2000), although the particular stressor of individuals taken from NC oyster reserves 

remains unknown. 

 Bioerosion by boring sponges involves processing solid carbonate into smaller 

fragments by cellular etching, a destructive process that can ultimately affect oyster 

physiology by requiring additional metabolic demands to fight the sponge invasion- namely 
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producing excess CaCO3 to “patch” holes in the inner wall of a shell valve as the sponge 

penetrates through the shell of the oyster (Wells 1959). The cellular etching process is 

chemically mediated by micro-scale dissolution around the edges of carbonate flakes, 

followed by mechanical removal of these flakes by sponge pseudopodia (Warburton 1958a). 

The sponge then grows into the holes and structural galleries created by boring activities, and 

inhabits the inside of the oyster shell. Carbonate substrates are susceptible to bio-erosion due 

to their solubility in seawater and their relatively low level of hardness compared with non-

CaCO3 substrates (Golubic and Schneider 1979). Non-carbonate materials (such as granite or 

concrete) should be less susceptible to sponges because they do not contain CaCO3 for the 

sponge to dissolve via the chemically-mediated boring mechanism (Warburton 1958a). 

Boring sponge was initially thought to be dispersed via direct shell-to-shell contact of 

infested oysters (Warburton 1958b), whereby attachment and growth of adult sponges from 

currently infested material onto new substrates followed direct physical contact. However, 

other means of sponge dispersal have since been described, including sexual reproduction 

followed by larval dispersal (Fell et al. 1984, Carver et al. 2010), and asexual reproduction 

by fragmentation (Hartman 1958). Sponge dispersal onto and within NC oyster reserves 

likely involves all three of these transmission mechanisms. 

Boring by Clionid sponges can impact demographic rates and affect oyster 

physiology, increase predation risk, and even lower the value of oysters as a fishery resource. 

Guida (1977) found higher mortality of adult oysters that were infested with Cliona when 

compared with non-clionate control oysters, likely through a combination with other 



 

52 

stressors, including disease, other parasites, and harsh abiotic conditions. Larval oyster 

settlement onto conspecific shells was reduced and their mortality increased in the presence 

of Cliona sponges (Barnes et al. 2010). The mechanism causing lower settlement remains 

unknown, but Barnes et al. (2010) observed clam worms directly preying on larval oysters, 

and higher abundances of clam worms were seen in Cliona infested shell treatments than 

control shells likely as a result of the increased refugia available due to boring sponge 

bioerosion. Bioeroders can even lower overall larval production from oyster reefs through 

repeated shell damage to individuals, which can result in an abnormally high male to female 

ratio on reefs as stressed individuals remain male rather than transitioning to female (Bahr 

and Hillman 1967, Davis and Hillman 1971). Finally, bioerosion into shells of mollusks can 

increase predation risk from crushing and drilling predators as shells lose structural integrity 

and individuals lose their size-refuge from predation (Thomas 1979, Pomponi and Meritt 

1990, Stefaniak et al. 2005, Buschbaum et al. 2007), and shell brittleness caused by sponges 

can lower market values for harvested oysters (Wells 1959, Carver et al. 2010). However, 

distribution of Cliona sponges in estuaries in the southeast U.S. is highly dependent on 

salinity, as oyster reefs in moderate to low salinity areas contain lower abundances of boring 

sponges as a result of their inability to cope with long-term freshwater pulses (Wells 1961, 

Hopkins 1962), while intertidal oyster beds are relatively free of sponge due to desiccation 

and exposure to fresh rainwater during low tides (Hopkins 1962, Guida 1977). Salinity also 

plays a key role in the distribution of oyster reefs (Graves 1904, Wells 1959, 1961), with 

increasing risk of disease and predation on oysters with increasing salinity (Wells 1961). 
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Thus, potential direct and indirect impacts of boring sponges on oysters are varied and may 

interact with salinity and reef substrate to help shape community dynamics on restored reefs. 

The high porosity and chemical composition of limestone marl that is currently used 

for reef-building makes it especially vulnerable to boring sponge infestation, suggesting that 

non-CaCO3 substrate materials should be considered. We tested for an effect of Cliona spp. 

of boring sponge on: i) oyster larval settlement in the lab, including shells with live sponge, 

shells with evidence of previous sponge erosion, and no evidence of sponge erosion, ii) 

juvenile oyster recruitment in the field (defined as individuals <4 mo. old), iii) oyster growth, 

and iv) oyster mortality, while also investigating the susceptibility of alternate reef-building 

substrate materials to bioerosion by boring sponges. These substrates included two composed 

mainly of CaCO3 (oyster shells and marl), and two non-carbonate-based materials (crushed 

concrete and granite rock). We hypothesized that Cliona would negatively affect oyster 

settlement, recruitment, and growth, while increasing oyster mortality, and that CaCO3-based 

substrates would be more susceptible to infestation by sponges than non-CaCO3 substrates. 

 

MATERIALS AND METHODS 

Effect of Cliona boring sponge on larval settlement on oyster shells 

 During August 2012, we tested the impact of Cliona boring sponge on the ability of 

oyster shells to attract settling oyster larvae in the laboratory at NC State University in 

Raleigh, NC, using oyster shells and water collected fewer than 24 h prior from estuarine 

areas near Bogue and Back Sounds, NC. Oyster shells with three levels of sponge infestation 

were tested: i) clean shells with no evidence of previous bioerosion by boring sponges, 
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hereafter “bare”, ii) clean shells with obvious evidence of previous bioerosion by boring 

sponges (seen as regularly spaced holes throughout the shell) but no live sponge, hereafter 

“holey”, and iii) oyster shells infested throughout the inside and outside of valves with live 

boring sponge collected from estuaries around Morehead City, NC, hereafter “live sponge” 

(Fig. 1). All shells used were of approximately similar size (7 cm x 4 cm x 1cm). Bare and 

holey shells were allowed to soak in sand-filtered seawater pumped in from Bogue Sound, 

NC for 3-4 days for biofilm development (Fitt et al. 1990), whereas live sponge shells taken 

from the field were left with their natural microbial biofilm. Following the four day soak-

time, shells were randomly placed into one of 16 plastic tanks with even spacing between 

each shell and with the inner-side of each valve facing up. Each tank contained one shell with 

each level of boring sponge infestation. Tanks were 30 cm x 17 cm x 11 cm, and filled with 

3.5 L of brackish water (12 practical salinity units (psu)) that was created by mixing sand-

filtered seawater (30+ psu) and deionized laboratory water so the salinity in the experimental 

tanks matched the salinity in which oyster larvae had been reared at the hatchery. The water 

temperature in the tanks was held at 23° C for the duration of the experiment. Salinity and 

temperature in tanks was measured at the beginning and end of the experiment with a YSI® 

85 dissolved oxygen/conductivity meter (YSI Corp. Yellow Springs, Ohio). Isochrysis algal 

paste, a food commonly used in bivalve aquaculture, was added to each tank at a 

concentration of ~1x10
6
 cells/mL, and a standard aquarium air bubbler was installed in one 

corner of each of the tanks and ran continuously throughout the experiment. Location of 

substrate types within tanks relative to the air bubbler was randomized. 
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Approximately 5,000 pediveliger stage, “eyed” larvae (obtained from Horn Point 

Oyster Hatchery on August 24) were introduced into each of the tanks on August 24, 2012 

and left for 92 h. The four day experimental time period allowed larvae sufficient time to 

settle and metamorphose given their age and developmental stage.  Prior to introduction to 

tanks, a sample of larvae were examined with a stereo microscope and were seen to be 

“eyed” and actively swimming. After the four day experimental settlement period 

enumeration of spat began. 

 To quantify larval oyster settlement on oyster shells with different levels of Cliona 

infestation, the inner-side of valves of all shells were examined under 12x magnification 

using a stereo microscope. The inner-side was selected for spat counts because oyster larvae 

may prefer the smooth, inner side of shells over the rough outer side as a settlement location 

(Crisp 1967). All live spat within a 2-cm diameter, haphazardly chosen sub-sample were 

counted and scaled to individuals per cm
2
 for analysis. Only live spat were enumerated as 

metamorphosis is an irreversible developmental process involving morphological and 

physiological changes that not all individuals survive (Baker and Mann 1994). Data met all 

assumptions of ANOVA based on visual inspection of residual plots and passed Levene’s 

test for homoscedasticity. We conducted a one-way ANOVA with sponge infestation level as 

the fixed factor to test the hypothesis that oyster spat density did not differ across all 

treatment levels. We used Tukey’s Honest Significant Difference (HSD) test to compare 

density of live spat between each treatment level. 
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Effect of Cliona boring sponge on oyster recruitment, length, and mortality in the field and 

susceptibility of each substrate to sponge growth 

To test for an effect of Cliona on oyster recruitment (individuals <4 mo. old), oyster 

length, oyster mortality, and the invasion potential of sponges onto alternate substrate 

materials, we created experimental units, referred to as “substrate bags”, which were 

deployed in the field from August 2011 to October 2012. Substrate bags were deployed at 

each of five sites in the North and Newport River estuaries in Carteret County, NC (Fig. 2). 

Experimental sites were chosen to span much of the estuarine salinity gradient in each of the 

two rivers. Sites experienced salinities ranging from ~20 psu at up-estuary sites to near full 

oceanic salinity at down-estuary sites, depending on recent precipitation, tides, and winds. In 

general, the range of salinities measured at each site decreased moving down-estuary, such 

that sites 1 and 2 had wider variations in salinity than sites 4 and 5 (Fig. 3). Sites were chosen 

to represent locations that would have salinities that would likely affect sponge growth and 

oyster demographic rates, as sponges do not persist in low salinities while oysters suffer 

higher predation in high salinity areas (Graves 1904; Wells 1959, 1961). Each site initially 

had 30 substrate bags ordered randomly at 0.5 m increments on an anchored line. The 0.5 m 

distance between substrate bags was sufficient to control for the direct-contact method of 

sponge dispersal. The anchored line initially sat directly on the benthos, but was later raised 

0.25 m above the bottom using cinderblock bricks and plastic PVC tubing to avoid burial by 

sediments, and all bags were fully subtidal with depths at each site between 1.5-2 m at high 

tide. Each line included six bags each of oyster shell, marl, granite, and concrete substrates 
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paired with spongey-shell, as well as six bags of oyster shell substrate paired with the 

sponge-free oyster shell control treatment, for a total of 30 bags at each site.  

 Each substrate bag (15 mm vexar plastic mesh) (Fig. 4) contained two pieces of a 

particular substrate type (oyster shell, marl, granite, or concrete); one piece had hatchery-

reared oysters (larvae from Bear Creek Shellfish, wild broodstock from mesohaline oyster 

reef in Bear Creek estuary, Swansboro NC) settled on it in the lab prior to experimental use, 

hereafter “oyster piece”, and a second piece was clean without any pre-settled oysters, 

hereafter “clean piece”. The oyster piece and the clean piece within each substrate bag were 

individually labeled with marine epoxy for identification during sampling, and each were 

used as the measurement units for two separate analyses- the oyster piece for examining 

oyster recruitment, length, and mortality, the clean piece for examining boring sponge 

growth onto the four substrates. All experimental substrate materials were gathered from 

locally available sources, and all oyster shells were cleaned of all previous fouling by 

CaCO3-building organisms. Pieces of limestone marl were obtained from stockpiles leftover 

and unused in previous oyster cultch planting the NC Division of Marine Fisheries. Pieces of 

crushed concrete were collected from CR Peele Construction Company in Jacksonville, NC, 

and granite rock was leftover from a granite countertop. All substrate pieces were as uniform 

in size as possible (7 cm x 4 cm x 3 cm dimensions each for marl, granite, and concrete; 

oyster shells 7 cm x 4 cm x 1 cm). Along with two pieces of a particular substrate, six 

substrate bags of each of the four substrate types (per site) contained 100 mL (measured by 

volume displacement) of shell material highly infested (>80% surface sponge cover) by live 

Cliona boring sponge. Within bags, these spongey-shells completely surrounded on all sides 
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the two substrate pieces used for experimental measurements, and the vexar mesh was closed 

tight enough that all pieces were brought into direct contact with each other. All sponge 

material was collected from oyster beds surrounding Morehead City, NC and was held in 

tanks with flow-through unfiltered seawater until experimental deployment. These substrate 

bags were designed to mimic the situation of a recently settled oyster on a reef heavily 

infested by boring sponge and to test the hypothesis that each of the four substrates would be 

equally susceptible to growth of Cliona via the direct-contact method of sponge dispersal. 

The remaining six substrate bags at each site did not contain sponge-infested shell material 

and instead included 100 mL of clean, weathered oyster shells without live sponge and 

served as a control treatment. Only bags containing the experimental oyster shell substrate 

received the sponge-free control treatment. We compared the oyster piece from these six 

control oyster shell bags with the oyster piece from the six spongey-oyster shell bags to test 

the hypotheses that oyster recruitment, length, and mortality would not differ between oyster 

shell substrates in the presence or absence of boring sponge. 

Substrate bags were initially deployed in August 2011 and were maintained in the 

field through fall 2011 and spring 2012, and were prepared for the summer 2012 oyster 

spawn by replacing any lost bags and exchanging any of the shell material surrounding 

experimental substrates on which boring sponge died with new sponge-infested material (for 

spongey-shell treatments only). Sampling occurred 7 times over the course of the experiment 

from August 2011 through October 2012 and involved retrieving the anchored line of 

substrate bags from each site at or close to high tide, opening each bag and examining both 

the oyster piece and clean piece of experimental substrate. During examination of the oyster 
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piece, all oysters present were enumerated and measured (valve length in mm). During 

examination of the clean piece of substrate, a visual estimate of percent cover of Cliona 

boring sponge was made based on the surface area of the clean piece that was encrusted or 

bored into by sponge. We then re-deployed substrate bags at each site. Water quality 

parameters of salinity, temperature and dissolved oxygen were recorded with a YSI-85 at 1 m 

depth at each of the study sites while sampling. This design allowed us to simultaneously test 

the impact of Cliona presence versus absence on oyster recruitment, juvenile length, and 

mortality (via the oyster piece in substrate bags containing oyster shell) as well as the 

susceptibility of each substrate to boring sponge growth (via the clean piece of substrate in 

all bags) (Table 1). Individual hypotheses and methods are described below for each life 

history parameter examined for both oyster and sponge. 

 

Oyster recruitment on oyster shells in the field in the presence and absence of boring sponge 

Natural oyster recruit (individuals <4 mo. old) abundance in substrate bags containing 

the oyster shell substrate (with both spongey-shell and control shell material surrounding 

them) was monitored during the summer 2012 oyster spawn to test for an effect of the 

presence of Cliona on oyster recruitment (see Table 1). After ten months in the field, oyster 

shell substrate bags had some attached oysters which had survived from the pre-deployment 

laboratory setting and also included some natural settlers. A census of all oysters of both 

types on each experimental shells was made in April 2012 to include as a covariate in recruit 

density analyses because the presence of conspecifics can influence larval oyster settlement 

(Hidu 1969, Keck et al. 1971, Hidu et al. 1978). Oyster abundances were standardized for 
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comparison between spongey-shell and control shell treatments by using approximately 

equal-sized oyster shells (dimensions above) and scaling abundance to spat/shell. Counts of 

all oysters on the oyster piece in each substrate bag were made at three sampling events from 

July-October 2012, scaled to spat/shell, and then analyzed using univariate, repeated 

measures ANCOVA to test for differences in recruit density between oyster shells: i) in 

substrate bags with and without live boring sponge, ii) sampling event (i.e., the within-

subject effect), and iii) with varying abundance of pre-attached conspecifics (i.e., the 

covariate). Oyster recruit density data for the duration of the experiment was available from 

114 of the original 120 oyster shell substrate bags (60 oyster shell bags with spongey-shell, 

60 oyster shell bags with control shell), so only these were included in statistical analyses. 

The number of oysters on a particular replicate oyster shell (minus the baseline abundance) 

made up the response variable during each sampling period (3 sampling events), and river, 

site, and sponge treatment (with or without) were fixed factors. The baseline oyster 

abundance from April 2012 was included as a covariate. Oyster recruit density data met 

assumptions of analysis of variance on visual inspection of residuals and quantile plots, and 

passed Levene’s test for homoscedasticity. The sphericity assumption of repeated measures 

ANCOVA designs was addressed by using adjusted p-values for all within-subject effects 

tests (Greenhouse and Geisser 1959). Greenhouse-Geisser adjusted p-values did not differ 

greatly from un-adjusted p-values in any case, but are included as a reference. A significant 

interaction between river and site required each river to be analyzed individually. The 

baseline abundance of oysters on experimental shells was not a significant covariate for 
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either river (repeated measures ANCOVA, both p>0.1 for baseline abundance covariate) and 

was not included as a covariate in final statistical models for either estuary. 

 

Oyster valve length of laboratory-settled oysters on oyster shells out-planted to the field in 

the presence and absence of boring sponge 

Valve length of all surviving laboratory-settled oysters which were out-planted to the 

field (i.e., the oyster piece in oyster shell substrate bags) was collected in September, October 

and December 2011 and in April 2012 and was used to test for differences in mean length of 

juvenile oysters between rivers, sites, and in oyster shell substrate bags with and without 

boring sponge present (see Table 1). The mean valve length of all oysters on the oyster piece 

in each substrate bag at each sampling event was calculated and served as the response 

variable. Mean oyster valve length was analyzed with an ANOVA model with sampling 

time, river, site, and sponge treatment treated as main effects. A significant interaction 

between sampling time and other main effects required valve length data from each sampling 

event to be analyzed individually. Assumptions of ANOVA were met based on visual 

inspection of residual and quantile plots and data passed Levene’s test for homoscedasticity 

 

Oyster mortality of laboratory-settled oysters on oyster shells out-planted to the field in the 

presence and absence of boring sponge 

 Mortality of oysters set onto shells in the laboratory and out-planted to the field in 

substrate bags with and without boring sponge present was calculated for August 2011 

through April 2012.  For each sampling event, we calculated the cumulative mortality of the 
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original total number of oysters set onto each oyster piece of oyster shell substrate in the 

laboratory:  

Mortality = [# live(t0) - #live(t)] / [#live(t0)] 

 where # live(t0) represents the count of live oysters settled on each oyster piece of 

shell substrate prior to being out-planted in the field, and # live(t) represents the count of live 

oysters from that cohort still alive at each sampling event. Individuals from the original 

cohort were distinguished from natural recruits by size difference, which was quite clear as 

lab-settled individuals were distinctively larger than natural recruits through spring 2012. 

Calculated mortality values were used to test for differences between rivers, sites, and on 

oyster shells in bags with and without Cliona present. Mortality data were analyzed with a 

repeated measures ANOVA model with time (repeated measure), river, site, and sponge 

treatment (present or absent) as fixed effects. Assumptions of repeated measures ANOVA 

were met based on visual inspection of residual and quantile plots and data passed Levene’s 

test for homoscedasticity. Sphericity was addressed as described above using slightly 

adjusted probability values. 

 

Cliona boring sponge growth onto alternate substrates in the field 

To test for differences in colonization by Cliona boring sponge onto each substrate 

material via direct contact dispersal, we examined the clean piece of substrate material in 

each bag, including sponge-free oyster shell bags as a control (see Table 1). During each 

sampling event we scored the clean piece of substrate in each bag with an estimate of the 

overall percentage of the surface area that was encrusted or bored into by sponge. Visual 
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estimates of percent cover were based on the amount of surface area of the substrate piece 

that was covered in yellow-orange sponge papillae protruding from or encrusted around the 

surface. Small tissue samples were taken from a sub-set of bags of each substrate type and 

were confirmed as Cliona spp. using the methods of Old (1941). Encrusting of sponge on 

substrates was rare and only occurred on non-CaCO3 materials in very small amounts early in 

the experimental deployment.  

Only bags that were present for the duration of the experiment and were examined at 

each sampling event were used in statistical analyses (258 of the original 300). Sponge 

percent cover was analyzed with a univariate, repeated measures ANOVA; the percent cover 

of sponge on the clean piece of substrate in each bag made up the response variable at each 

sampling period (7 sampling events), and river, site, and reef substrate (oyster shell, 

limestone marl, concrete, granite, control shell) were treated as fixed effects. A significant 

three-way interaction between river, site, and substrate material, required sponge cover data 

from each river to be analyzed individually. The final model for the Newport River contained 

main effects of site and substrate, whereas the reduced model for the North River contained a 

significant interaction between site and material, such that each site was analyzed 

individually. Assumptions of repeated measures ANOVA were met based on visual 

inspection of residual and quantile plots and data passed Levene’s test for homoscedasticity. 

Sphericity was addressed as described above using slightly adjusted probability values.  
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RESULTS 

Effect of Cliona boring sponge on larval settlement on oyster shells 

 There were no statistically significant differences in settlement of oyster larvae onto 

the three types of oyster shells, regardless of the level of infestation by Cliona boring sponge, 

although shells with live sponge did receive lower settlement (one-way ANOVA, df=2,45, 

p=0.5956). There was nearly equal spat settlement on bare shells and shells with previous 

evidence of boring sponge habitation (previous sponge habitation mean=21.27 spat cm
-2

, 

bare=22.79 spat cm
-2

), whereas shells with live sponge averaged 16.43 spat cm
-2

, a decrease 

of ~26% from data pooled across both shell types without live sponge.  

 

Oyster recruitment on oyster shells in the field in the presence and absence of boring sponge 

 The presence or absence of boring sponge had no statistically significant effect on 

oyster recruit density to oyster shell substrates in the field for either estuary (Table 2). There 

was a statistically significant effect of site on oyster recruit density (Table 2, Fig. 5), with up-

estuary sites generally having fewer recruits compared with sites in higher salinity areas at 

most sampling times. The density of recruits was generally similar through time, with only 

slight increases or decreases at some sites from July through October (Fig. 5). Thus, time 

effects (within-subject effects) were only significant as an interaction with the site factor in 

the North River (Table 2). 
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Oyster valve length of laboratory-settled oysters on oyster shells out-planted to the field in 

the presence and absence of boring sponge 

 There was no statistically significant difference in oyster valve length between 

individuals growing on oyster shell substrates in bags with and without boring sponge 

present at any of the four sampling events (Fig. 6), nor were there any significant differences 

in valve length between the two estuaries (Table 3). There were variable effects of site, with 

significant main effects of site at three of the four sampling events in October, December 

2011 and April 2012 (Table 3). However, in October 2011 and April 2012 there were 

significant interactions between river and site, which prevented pair-wise means comparisons 

among sites for those sampling times (Table 3). In December 2011, oysters at the highest 

salinity site, number 5, were significantly longer than any of the other sites based on pair-

wise comparisons of site means (Fig. 7). No oysters at site 3 in either estuary survived 

through December 2011, likely due to burial by mud, so no comparisons of valve length were 

made for that site. 

 

Oyster mortality of laboratory-settled oysters on oyster shells out-planted to the field in the 

presence and absence of boring sponge 

 Mortality rates of oysters did not vary on oyster shell substrates in bags with and 

without boring sponge present, nor was there a significant difference in mortality between 

estuaries (Table 4). There was a significant main effect of site (Table 4), with oysters at both 

up-estuary sites 1 and 2 having lower mortality than oysters at the more down-estuary sites 

during three of the four sampling events (Fig. 8). Oyster mortality was generally high and 
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increased through time at most sites, although sites with very high initial mortality remained 

“fixed” at nearly complete mortality throughout the study (Table 4, Fig. 8). 

 

Cliona boring sponge growth onto alternate substrates in the field 

 Percent cover of Cliona boring sponge was higher on CaCO3 substrates compared 

with non-CaCO3 materials, with oyster shell particularly susceptible, but infestation was 

variable across both space and time. Sponge growth in the Newport River estuary was 

significantly affected by site and substrate material, while time, time*site, and time*substrate 

were all significant within-subject effects (two-way repeated measures ANOVA, all main 

and interaction effects p<.0001). No statistical analysis was possible for site 1 in the North 

River because no sponge growth was seen on any experimental unit, likely due to sponge’s 

inability to survive or grow at the low salinities experienced at this site. Similar salinity 

conditions at North River site 2 did not allow for much sponge growth at that site, and 

statistical analyses revealed no significant between- or within-subject effects, likely because 

of a nearly complete lack of sponge growth on any material (one-way ANOVA for between-

subject test of substrate material, df=4,24 , p=0.4516; G-G adjusted within-subject effects 

tests, df=6,144 p=0.3462 and df=24,144 p=0.4516 for time and time*material, respectively). 

Sites 3-5 in the North River all exhibited a significant effect of substrate material as well as 

significant effects of time (within-subject effects) (Fig. 9, Table 5). 

Very little boring sponge colonized any of the experimental substrate pieces at either 

of the two most up-estuary sites in both rivers, and ideal environmental conditions for sponge 

growth appeared to be at mid-estuary sites where salinity was slightly depressed from full 
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oceanic conditions (Fig. 9). Sponge growth also showed interesting temporal patterns, 

including a cessation of growth over winter 2011 when sponge cover on experimental 

substrates remained fixed or even retracted slightly (Fig. 9), as well as tremendous growth 

during summer and early fall 2012 (Fig. 9, 10), one year after initial exposure of substrates to 

the sponge treatment. There was also evidence of sponge colonization via either sexual 

reproduction and spawning, or asexual fragmentation of sponge in early summer 2012, as 

oyster shell substrates in control treatment bags that did not have direct contact with sponge-

infested shells began showing boring sponge growth at the July 2012 sampling event (Fig. 9, 

10). By July 2012, ten months after initiation of the experiment, control oyster shell pieces 

began to exhibit higher levels of sponge cover than marl, granite, or concrete substrates that 

were exposed to sponge throughout (Fig. 9, 10).  

At sites where boring sponge was able to persist, i.e. not all sponge died due to 

environmental factors, oyster shell was almost always the most susceptible of the 

experimental substrates to sponge colonization and growth. Limestone marl often had the 

next highest percent cover of sponge until July 2012 when oyster shells from the control 

treatment level began showing sponge growth, and percent cover estimates on marl may be 

conservative due to the complex surface structure of marl which could have hindered our 

ability to detect boring by sponges. Concrete and granite were rarely seen with any sponge 

infestation, and when they were it was always of the encrusting variety (Fig. 9, 10). 
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DISCUSSION 

The type of substrate used for oyster reef restoration, as well as the location of the 

selected site relative to the estuarine salinity gradient, can have direct and sometimes 

interacting effects on the ultimate success of reefs. In this study, substrates composed mainly 

of calcium carbonate were preferentially colonized by Cliona boring sponge over non-

CaCO3-based substrates, and sponge growth varied depending on location in the estuary. The 

presence of sponge in close proximity to juvenile oysters had little effect on short-term (<1 

yr) oyster demographic rates of recruitment, length, or mortality. 

Boring sponge growth 

 In this study, CaCO3 materials including limestone marl and especially oyster shells 

were highly susceptible to colonization and growth of Cliona boring sponge, whereas non-

calcium carbonate substrates were not susceptible to growth this bioeroder over a ~1 year 

experiment. In rare cases where boring sponge was seen growing from infested shell material 

onto non-CaCO3 substrates, Cliona was only able to encrust the outer surface and was never 

seen boring into the substrate’s interior. Substrates such as bivalve shells and limestone marl 

that are susceptible to bioerosion by boring sponges should be used cautiously for oyster 

restoration in areas where conditions allow boring sponges to survive and easily proliferate, 

as Cliona has been implicated as a likely contributing factor to extensive oyster mortality in 

NC oyster reserves (C. Hardy NCDMF and N. Lindquist, unpublished data), and bioerosion 

can cause reefs to lose their structural integrity (Rützler 1975), eventually resulting in loss of 

the important vertical structure they provide. 



 

69 

Distribution of Clionid boring sponges was restricted to high salinity areas in the two 

estuaries in this study, and similar spatial patterns were documented in Gulf coast estuaries 

(Hopkins 1956), Chesapeake Bay (Hopkins 1962), Long Island Sound (Nicol and Reisman 

1976), and Baie St-Simon, New Brunswick, Canada (Carver et al. 2010). Reef restoration 

efforts must take into account the often opposing effects of relatively high oyster recruitment 

in high salinity areas, with higher rates of post-settlement oyster mortality (Wells 1961, 

Soniat et al. 2004) and increased sponge prevalence. 

Reduced growth of Cliona over winter months in the present study was potentially 

caused by seasonal decreases in salinity rather than drops in water temperature as has been 

reported at more northerly study sites (Fell et al. 1984, Carver et al. 2010). Salinity in these 

two estuaries decreased during winter months by ~7-8 psu compared with summer salinities, 

particularly at mid-estuary sites (Dunn, unpublished data, NC DMF unpublished data). 

Reduced growth of Cliona on marl at North River site 5 compared with growth on marl at 

sites 3 and 4 was likely caused by the physical environment at these sites. Site 5 was located 

in an exposed area characterized by strong tidal currents and sand burial of substrate bags. 

Sponge growing on oyster shells at this site was able to quickly penetrate the shell and 

inhabit the inside of the substrate to avoid erosion by sand. However, the rugose surface of 

marl invites burial by sand, as sediment is easily trapped and held in the crevices of marl, 

potentially wearing away at or preventing any sponge attempting to colonize the marl 

substrate at this site. 

After ~10 months deployment in the field, there was evidence of boring sponge 

growth on oyster shells from control treatment bags that were not initially exposed to sponge-
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infested material, suggesting Cliona colonization of experimental shell substrates via larval 

settlement or asexual reproduction by fragmentation. It was not possible to determine which 

method of dispersal allowed for colonization of control shell bags, but sponge growth on 

these shells became evident just after the Cliona larval reproduction period of May-early July 

reported in estuaries of the northwest Atlantic (Fell et al. 1984, Carver et al. 2010). The 

sponge spawning period may be even earlier at lower latitudes, including North Carolina, as 

many spawning events are triggered by water temperature cues (Loosanoff and Davis 1950, 

1952, Galtsoff 1961, Loosanoff 1969, Barber and Blake 1991). Non-carbonate materials are 

undesirable habitat for Clionid sponges since they are not susceptible to sponge colonization 

by either direct contact with sponge tissue or recruitment of sponge larvae. 

 

Sponge effects on oyster demographic rates 

Presence of Cliona boring sponge on adjoining shell material in substrate bags did not 

have a statistically significant effect on any of the four oyster demographic rates tested, 

although there was potentially a biological significance of sponge presence on oyster 

settlement. Oyster recruitment, growth, and mortality monitored in the field were not 

impacted by sponge, although the relatively short duration of the study could (<6 months) 

explain this lack of an effect. 

Our results indicating oyster settlement onto shells with varying degrees of boring 

sponge contrast with those of Nelson (1924), who found that oyster larvae would not settle 

on shells with high coverage of Cliona. Our results agree with Barnes et al. (2010), who 

demonstrated that Cliona boring sponge significantly decreased larval oyster settlement in 
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laboratory microcosms. Despite no statistically significant effect of Cliona on oyster 

settlement in the present study, the 35% decrease in larval oyster settlement as a result of 

boring sponge presence seen by Barnes et al. (2010) is similar to the 26% decrease seen here. 

Our lack of a statistically significant result could be an artifact of a smaller sample size. 

Cliona does not appear to leave a direct lasting impact on oyster shells after death of the 

sponge in terms of ability to attract settling oyster larvae, as evidence of previous Cliona 

infestation in shells did not affect spat density compared with shells not riddled with sponge 

excavations. However, the tunnels and galleries leftover in shells from previous sponge 

habitation are reported to provide habitat for predators of oysters, including clam worms 

(Barnes et al. 2010), so an indirect lasting effect of sponge habitation is possible. 

 Presence of sponge-infested shell material surrounding experimental oyster shells in 

substrate bags did not affect recruitment of juvenile oysters <4 mo. old in either estuary in 

this study or through time, nor did mean valve length of oysters on oyster shells vary 

between sponge-infested and control shell treatment bags. While a sponge effect on oyster 

recruitment and length remains a possibility, in the course of less than one year, a negative 

impact on oysters was not apparent. 

 Oyster mortality was also not affected by the presence of sponge on shell material 

surrounding the experimental oyster shell substrate, although a previous study reported 

increased mortality of oysters infested with Cliona compared with non-Clionate individuals, 

likely in combination with other stressors (Guida 1977). This suggests that for sponge to 

impact oyster survival, it must either be actually infesting the individual oyster under 

consideration (as opposed to just being in the nearby environment), or the mechanism 
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impacting oyster survival takes longer than the four month duration of the mortality portion 

of this study. Mortality rates in this study were also potentially influenced by a major 

disturbance event, Hurricane Irene, that made landfall in North Carolina in late August 2011, 

only three weeks after experimental deployment. During sampling in September 2011, one 

week after the hurricane passed the study sites, many substrate bags were covered by 

deposited sediment, leading to anoxic conditions in some areas, confirmed via the presence 

of black, sulfidic surfaces on some substrate pieces. A potential explanation for the spatial 

mortality pattern reported here is the broodstock of oyster larvae used for out-planting to the 

field; oysters acclimated to medium salinity areas (hatchery reared larvae used here were 

from 12 psu) may not survive well at salinities quite different from what their broodstock had 

adapted to. Thus, some of the mortality seen in the study was likely caused by environmental 

factors due to disturbance and local adaptation rather than boring sponge activity. 

 Efforts to restore oyster populations are numerous and have had a wide range of 

relative successes and failures. Selecting an appropriate material to build reefs, while 

considering the wider estuarine community present at a proposed restoration site, is a vital 

first step to subtidal oyster restoration. Cliona boring sponge was not able to colonize or 

grow on non-CaCO3 substrate materials, whereas oyster shell, and to a lesser extent marl, 

were susceptible to sponge bioerosion in high salinity portions of estuaries where Cliona 

could grow. However, sponge impacts on oysters may be chronic over the long-term rather 

than acute in nature, although this hypothesis remains to be tested. A scientific approach to 

restoration methodologies, as applied here, will provide a sound basis for management 
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decisions, including the selection of substrates for oyster reef restoration activities that span a 

range of estuarine salinities. 
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Table 1. Substrate bag experimental design- vexar mesh bags contained two pieces of a 

particular substrate, one with oysters pre-attached (oyster piece), one without oysters pre-

attached (clean piece). These were used to test separate sets of hypotheses- the oyster piece 

was used to examine oyster recruitment, length, and mortality in the presence/absence of 

boring sponge, while the clean piece was used to test susceptibility of each substrate material 

to Cliona sponge growth. 

 

Experimental 

substrate bag 

Boring sponge 

present/absent 

in bag 

Hypotheses tested using 

oyster piece (duration of 

data collection) 

Hypothesis tested using 

clean piece (duration of 

data collection)  

Concrete Present --  Cliona sponge growth 

(Aug 2011- Oct 2012) 

Granite Present --  Cliona sponge growth 

(Aug 2011- Oct 2012) 

Marl Present --  Cliona sponge growth 

(Aug 2011- Oct 2012) 

Oyster shell Present Oyster recruitment (April 

2012-Oct 2012) 

Oyster length (Aug 2011- 

April 2012) 

Oyster mortality (Aug 

2011- April 2012) 

Cliona sponge growth 

(Aug 2011- Oct 2012) 

Oyster shell Absent Oyster recruitment (April 

2012-Oct 2012) 

Oyster length (Aug 2011- 

April 2012) 

Oyster mortality (Aug 

2011- April 2012) 

Cliona sponge growth 

(Aug 2011- Oct 2012) 
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Table 2. Results of univariate, repeated measures ANOVA of oyster recruitment in the 

Newport and North River estuaries during summer 2012. Between-subject and within-subject 

effects are presented; standard un-adjusted and Greenhouse-Geisser adjusted probability 

values are given for within-subject effects. 

 

Source DF Type III SS F p G-G p 

Site (Newport River) 4 5312.25 46.14 <.0001  

Sponge Treatment 1 12.59 0.44 0.5114  

Residual 50 1439.23    

Time (Newport River) 2 15.22 0.59 0.5566 0.4929 

Time*Site 8 99.51 0.96 0.4689 0.4506 

Time*Sponge Treatment 2 9.06 0.35 0.7042 0.7042 

Residual (Time) 100 1291.02    

      

Site (North River) 4 549.35 5.40 0.0010  

Sponge Treatment 1 27.88 1.10 0.300  

Residual 52 1322.86    

Time (North River) 2 4.99 0.73 0.4849 0.4596 

Time*Site 8 83.08 3.03 0.0042 0.0080 

Time*Sponge Treatment 2 0.074 0.01 0.9892 0.9778 

Residual (Time) 104 356.07    
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Table 3. Results of three-way ANOVA of mean oyster valve length on shells in substrate 

bags with and without boring sponge present in September, October, December 2011 and 

April 2012. Sampling events were analyzed individually, interactions were left in individual 

models if significant. 

 

Source DF Type III SS F p 

River (September) 1 0.23 0.04 0.8365 

Site (September) 4 31.95 1.47 0.2199 

Sponge Treatment (September) 1 0.0001 0.00 0.9963 

Residual 85 463.22   

     

River (October) 1 0.175 0.02 0.8945 

Site (October) 4 123.01 30.75 0.022 

Sponge Treatment (October) 1 6.17 0.62 0.4326 

River*Site  (October) 4 382.63 9.68 <.0001 

Residual 56 553.14   

     

River (December) 1 72.57 3.72 0.0594 

Site (December) 3 939.95 16.07 <.0001 

Sponge Treatment (December) 1 5.20 0.27 0.6078 

Residual 50 975.09   

     

River (April) 1 35.56 1.37 0.2492 

Site (April) 3 356.32 4.57 0.0077 

Sponge Treatment  (April) 1 0.039 0.00 0.9695 

River*Site (April) 2 172.32 3.31 0.0467 

Residual 40 1040.52   
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Table 4. Results of univariate, repeated measures ANOVA of oyster mortality rates in the 

Newport and North River estuaries. Between-subject and within-subject effects are 

presented; standard un-adjusted and Greenhouse-Geisser adjusted probability values are 

given for within-subject effects. 

 

Source DF Type III SS F p G-G p 

River 1 0.086 0.48 0.4896  

Site 4 13.68 19.06 <.0001  

Sponge Treatment 1 0.077 0.43 0.5135  

Residual 110 19.74    

      

Time 3 2.36 52.18 <.0001 <.0001 

Time*River 3 0.075 1.66 0.1745 0.1911 

Time*Site 12 0.435 2.40 0.0055 0.0160 

Time*Sponge Treatment 3 0.083 1.84 0.1395 0.1602 

Residual (Time) 330 4.98    
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Table 5. Results of univariate, repeated measures ANOVA of percent cover of Cliona boring 

sponge for sites 3-5 in the North River. Between-subject and within-subject effects are 

presented; standard un-adjusted and Greenhouse-Geisser adjusted probability values are 

given for within-subject effects. 

 

Source DF Type III SS F p G-G p 

Material (Site 3) 4 10107.77 4.1 0.0124  

Residual 22 13544.21    

Time (Site 3) 6 7299.30 8.08 <.0001 0.002 

Time*Material (Site 3) 24 11080.17 3.07 <.0001 0.0125 

Residual (Time) 132 19881.11    

      

Material (Site 4) 4 57654.82 29.21 <.0001  

Residual 24 11842.43    

Time (Site 4) 6 38379.05 32.37 <.0001 <.0001 

Time*Material (Site 4) 24 44602.45 9.41 <.0001 <.0001 

Residual (Time) 144 28451.2    

      

Material (Site 5) 4 8028.02 17.94 <.0001  

Residual 21     

Time (Site 5) 6 1542.95 5.0 0.0001 0.0084 

Time*Material (Site 5) 24 6413.59 5.20 <.0001 <.0001 

Residual (Time) 126 6479.59    
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A).   

B).   

C).  

Figure 1. Three levels of oyster shell infestation by Cliona boring sponge: A) bare, B) holey, 

and C) live sponge.  
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Figure 2. Study site, Newport and North River estuaries, Carteret County, North Carolina, 

USA. Stars mark substrate bag deployment locations. 
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Figure 3.  Salinity measurements taken at experimental substrate bag sites in A) North River 

and B) Newport River estuaries during sampling events from August 2011-October 2012. 

Boxes show 25
th

, 50
th

 and 75
th

 percentiles of salinity data at each site. 
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Figure 4. Substrate bag used in manipulative experiment. 
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Figure 5. Natural oyster recruit density on oyster piece of experimental oyster shell 

substrates in summer 2012, data pooled across sponge treatments for A) North, and B) 

Newport Rivers. Letters denote statistical significance levels within a sampling event based 

on repeated measures ANOVA (α=0.05) and Tukey’s HSD for pair-wise means comparisons. 

Error bars are ±1. 
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Figure 6. Mean oyster valve length of lab-settled oysters on experimental oyster shell 

substrate pieces in April 2012, data pooled across rivers. No live oysters remained at site(s) 3 

for valve length comparisons. Error bars are ± 1 SE. 

 

  



 

90 

 
 

Figure 7. Mean oyster valve length of lab-settled oysters on experimental shells out-planted 

to the field. Valve lengths measured in December 2011, four months after deployment; data 

pooled across rivers and sponge treatments. Letters denote statistical significance levels 

within a sampling event based on repeated measures ANOVA (α=0.05) and Tukey’s HSD for 

pair-wise means comparisons. No live oysters remained at Site 3 in either estuary for valve 

length comparisons. Error bars are ± 1 SE. 
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Figure 8. Mortality of lab-settled oysters on oyster piece of experimental oyster shells out-

planted to the field in substrate bags; data pooled across both rivers and sponge treatment 

types, from August 2011 to April 2012. Letters denote statistical significance levels within a 

sampling event based on repeated measures ANOVA (α=0.05) and Tukey’s HSD for pair-

wise means comparisons. Error bars are ±1 SE. 
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Figure 9. Cliona boring sponge percent cover of clean piece of experimental substrates in 

bags from sites 3-5 in North River; letters denote statistical significance levels within a 

sampling event based on repeated measures ANCOVA (α=0.05) and Tukey’s HSD for pair-

wise means comparisons. Error bars are ±1 SE. Note break in y-axis for site 5 plot, from 13-

26%.  
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Figure 10. Cliona boring sponge percent cover of clean piece of experimental substrates in 

bags from all Newport River sites pooled; letters denote statistical significance levels within 

a sampling event based on repeated measures ANCOVA (α=0.05) and Tukey’s HSD for pair-

wise means comparisons. Error bars are ±1 SE. 


